Abstract. Registration and delineation of anatomical features in MRI of the human brain play an important role in the investigation of brain development and disease. Accurate, automatic and computationally efficient cortical surface registration and delineation of surface-based landmarks, including regions of interest (ROIs) and sulcal curves (sulci), remain challenging problems due to substantial variation in the shapes of these features across populations. We present a method that performs a fast and accurate registration, labeling and sulcal delineation of brain images. The new method presented in this paper uses a multiresolution, curvature based approach to perform a registration of a subject brain surface model to a delineated atlas surface model; the atlas ROIs and sulcal curves are then mapped to the subject brain surface. A geodesic curvature flow on the cortical surface is then used to refine the locations of the sulcal curves sulci and label boundaries further, such that they follow the true sulcal fundi more closely. The flow is formulated using a level set based method on the cortical surface, which represents the curves as zero level sets. We also incorporate a curvature based weighting that drives the curves to the bottoms of the sulcal valleys in the cortical folds. Finally, we validate our new approach by comparing sets of automatically delineated sulcal curves it produced to corresponding sets of manually delineated sulcal curves. Our results indicate that the proposed method is able to find these landmarks accurately.
Introduction
Human cerebral cortex is often modeled as a highly convoluted sheet of gray matter. Inter-and intra-subject comparison involving anatomical changes over time or differences between populations requires the spatial alignment of the cortical surfaces, such that they have a common coordinate system that is anatomically meaningful. Sulcal curves are fissures in the cortical surface and are commonly used as surrogates for the cytoarchitectural boundaries in the brain. Therefore, there is also great interest in direct analysis of the geometry of these curves for studies of disease propagation, symmetry, development and group differences (e.g. [10, 8] ). Labels of cortical regions of interest (ROIs) or sulcal curves that are often required for these studies and can be produced using manual [13] or automatic delineation [15, 17] . Manual delineation is often performed using an interactive software tools [13] . This, however, can be a tedious and subjective task that also requires substantial knowledge of neuroanatomy and is therefore confounded by intra-and inter-rater variability. This variability is reduced to some extent using rigorous definitions of a sulcal tracing protocol and extensive training as described in [9, 13] .
An alternative approach to this problem is to use automatic surface registration to align surface curvature or sulcal depth [2] . Sulcal curves can be delineated on a reference atlas brain surface, which is then aligned with the subject brain surface using automated registration. The sulci from the atlas are then transferred to the subject using the point correspondence defined by the surface mapping. While this approach can find the sulcal location approximately, there is often substantial residual error [9] . This is because automatic methods align the whole surface using curvature and do not focus specifically on the sulcal locations and label boundaries, which are sometimes biased by the reference atlas chosen. Also, the variability of the atlas and subject folds can be reflected in the misalignment of sulcal curves, thus the transferred sulcal curves may not lie at the valleys of the subject surfaces. A local refinement of the curves representing sulci and label boundaries can alleviate this problem. This paper describes a fast and accurate surface registration and curve refinement method based on 2D flat mapping and geodesic curvature flow on surfaces where the sulcal curves are represented as curvature weighted geodesics. The surface registration method presented here extends the surface registration method presented in [4] that required manually traced sulcal inputs. The cortical labels from the atlas cortex surface model are then transferred to the subject cortex surface model using the point correspondence. The local refinement of this registration is performed by using geodesic curvature flow of the label boundaries as described for parametric surfaces in [14] . Here, we use a level set based formulation similar to [19, 6] and apply it to the label boundary refinement and sulcal detection problem. The curve evolution is defined in terms of evolution of a zero level set. The flow is discretized in the surface geometry using a finite element method.
Materials and Methods
We assume as input, an atlas brain surface mesh with manually delineated surface labels as well as sulcal landmarks and a subject brain surface mesh. The goal is to perform atlas to subject cortical surface registration and transfer cortical labels and delineated sulci from atlas surface to the subject surface. First, we briefly describe an automated curvature based registration approach that performs alignment of the atlas surface and the subject surface. The cortical labels and sulci from the atlas surface are then transferred to the subject surface.
Cortical Surface Registration
We developed a single subject anatomical atlas brain based on a T1-weighted MRI from which we generated inner cortical and pial surfaces using our BrainSuite software [12] . These surfaces were labeled with anatomical structures (35x2 ROIs) and sulcal curves (26x2) that were delineated manually by an expert neuroanatomist (Fig 1) . We apply a surface-based registration method that establishes one-to-one correspondence between
